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ABSTRACT The effects of  changes in intracellular and extracellular free ionized 
[Mg ~+] on inactivation of Ic~ and I~  in isolated ventricular myocytes of  the frog 
were investigated using the whole-cell configuration of the patch-clamp technique. 
Intracellular [Mg 2+] was varied by internal perfusion with solutions having dif- 
ferent calculated free [Mg~+]. Increasing [Mg~+]i from 0.3 mM to 3.0 mM caused a 
16% reduction in peak Ic~ amplitude and a 36% reduction in peak I~  amplitude, 
shifted the current-voltage relationship and the inactivation curve ~ 10 mV to the 
left, decreased relief from inactivation, and caused a dramatic increase in the rate 
of  inactivation of I~. The shifts in the current-voltage and inactivation curves were 
attributed to screening of internal surface charge by Mg ~+. The increased rate of  
inactivation of  I~  was due to an increase in both the steady-state level of  inactiva- 
tion as well as an increase in the rate of  inactivation, as measured by two-pulse 
inactivation protocols. Increasing external [Mg ~+] decreased I~ amplitude and 
shifted the current-voltage and inactivation curves to the right, but, in contrast to 
the effect of  internal Mg ~+, had little effect on the inactivation kinetics or the 
steady-state inactivation of I~  at potentials positive to 0 inV. These observations 
suggest that the Ca channel can be blocked quite rapidly by external Mg ~+, 
whereas the block by [Mg~+]i is time and voltage dependent. We propose that inac- 
tivation of Ca channels can occur by both calcium-dependent and purely voltage- 
dependent mechanisms, and that a component of  voltage-dependent inactivation 
can be modulated by changes in cytoplasmic Mg ~+. 

I N T R O D U C T I O N  

Magnesium is an important  constituent o f  the intracellular milieu. Despite the 
importance of  magnesium as an essential cofactor in hundreds of  enzymatic reac- 
tions and other  cellular processes, relatively little is known about the regulation of  
intracellular [Mg ~+] or  the regulation of  cellular processes by physiological changes 
in the concentration of  free ionized magnesium ([MgX+]i). I t  seems unlikely that 
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magnesium acts as a "trigger" of  enzymatic processes as does calcium, however, a 
variety of evidence now suggests that magnesium does play a role in long-term cel- 
lular regulation (see reviews by Flatman, 1984; Gupta et al., 1984; White and Hart- 
zell, 1989). [Mg~+]i is far from thermodynamic equilibrium in most cells (Flatman, 
1984; Gupta et al., 1984; Alvarez-Leefmans et al., 1986), and can be altered under a 
variety of physiological conditions (Gupta et al., 1978; Cech et al., 1980; Gupta and 
Yushok, 1980; Alvarez-Leefmans et al., 1986). Furthermore, specific magnesium 
transport systems have been identified in several cell types, and in a few cases these 
transport systems are hormonally regulated (Henquin et al., 1983; Maguire, 1984). 
These findings support the suggestion that [Mg~+]i and, therefore, Mg-dependent 
reactions may be actively regulated. Despite the evidence that cellular [Mg 2+] may 
vary, there is very little data on the physiological effects of changing [Mg2+]i within a 
physiological range. 

We (White and Hartzell, 1988) have recently reported that changing intracellular 
free ionized magnesium in isolated cardiac cells by internal perfusion has dramatic 
effects on the voltage-gated calcium current,/ca. In these experiments we showed 
that changing [Mg~+]i within a physiological range of  0.3 to 3.0 mM decreased the 
amplitude of basal/ca by 20%, but decreased the amplitude of/ca elevated by cAMP- 
dependent phosphorylation even more, by 63%. This effect of [Mg~+] i on cAMP- 
elevated/ca was shown to be due largely to processes beyond Ca channel phospho- 
rylation, because Ca currents elevated by various procedures including/3-receptor 
stimulation, internal perfusion with cAMP, internal perfusion with nonhydrolyzable 
analogues of  cAMP such as 8Br-cAMP, or internal perfusion with the purified cata- 
lytic subunit of cAMP-dependent protein kinase were all affected similarly by 
changes i n  [Mg2+]i. These results suggested that the effect o f  [Mg2+]i could not be 
explained simply by changes in cAMP levels. We proposed the hypothesis that 
[Mg2+] i stimulates a protein phosphatase that dephosphorylates the Ca channel, or 
that Mg 2+ interacts directly with the Ca channel. 

This paper explores in more detail the effects of  [Mg~+]~ on Ca channels. In order 
to gain insights into the mechanism of Mg ~+ action, we have examined the effects of 
internal and external [Mg ~+] on the inactivation of inward currents through Ca 
channels with either Ca ~+ or Ba ~+ as charge carrier. Inactivation of/ca consists of 
two components: a voltage-dependent mechanism analogous to Na channel inactiva- 
tion, and a Ca-dependent mechanism that is linked to Ca ~+ influx through the chan- 
nel (see Brown et al., 1981; Eckert and Chad, 1984; Kass et al., 1986). When Ba 2+ is 
used as the charge carrier, inactivation is due primarily to the voltage-dependent 
process. From our studies, we conclude that increasing [Mg~+]i causes a marked 
increase in the rate and extent of voltage-dependent inactivation of Ca channels. We 
propose that internal Mg 2+ can block Ca channels in a time- and voltage-dependent 
fashion, and that this block could be partly responsible for "voltage-dependent" 
inactivation. 

M E T H O D S  

Electrophysiology 
lc~ was measured in single isolated myocytes from frog ventricle using the whole-cell configu- 
ration of the patch-clamp technique (Hamill et al., 1981) by methods described in detail 
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(Fischmeister and Hartzell, 1987; Hartzell and Simmons, 1987; Argibay et al., 1988). INa was 
blocked with tetrodotoxin (TrX). K + currents were suppressed by both internal and external 
Cs +. Sometimes internal tetraethyl ammonium (TEA) was also used. Currents were elicited by 
200 or 400 ms duration voltage pulses./ca was measured as the peak inward current minus 
the quasi-steady-state current at the end of the 200- or 400-ms pulse (steady-state current, 
I,,). When Ba *+ was used as a charge carrier, Ik  did not inactivate completely during the 
pulse. Under these conditions, I~, was calculated as the difference between the peak inward 
current and the current at the end of an identical pulse in Ca 2+, 2.0 mM Cd ~+, or 1.0 #M 
nifedipine. These three methods gave similar, though not identical results. Iu with Ca ~+ as 
charge carrier was sometimes 10-20 pA more outward than with the other two methods. This 
may reflect an outward nonspecific current that is blocked by Cd *+ (Brown et al., 1981) in 
some cells. To block this outward component of the current, 20 mM CsC1 in the internal 
solution was replaced with 20 mM TEA-C1 in some experiments. The effects of magnesium 
were not significantly affected by the addition of TEA-CI. In some experiments, the currents 
were leak subtracted. Leak was determined by averaging several current traces evoked by 
voltage pulses from - 8 0  to - 7 0  mV. The mean holding current and leak current were cal- 
culated from the averaged trace and used to construct an idealized noise-free leak trace. The 
trace was then multiplied by the appropriate scaling factor, assuming a linear current-voltage 
relationship for the leak, and subtracted from the lc~ or I~, traces. The voltage protocols for 
determining/ca inactivation are based on the two-pulse paradigm of Hodgkin and Huxley 
(1952) and are published (Fischmeister and Hartzell, 1986; Argibay et al., 1988). The proto- 
cols are also described here in the figure legends. Half-inactivation was defined as the pre- 
pulse potential producing 50% of the inactivation produced by the same duration prepulse to 
0 mV. 

Solutions 

Two different external solutions were used with identical results. HCOs-buffered Ringers 
contained 88 mM NaCI, 20 mM CsCI, 0.6 mM Na~PO4, 24 mM NaHCO3, 1.8 mM MgCl2, 1.8 
CaCl~ or 2 mM BaCl~, 5 mM sodium pyruvate, 5 mM glucose, 0.001 mM T r x ,  pH 7.4 with 
95% O~-5% CO~. HEPES-buffered Ringers contained 115 NaCI, 20 mM CsCl, 0.3-3.0 mM 
MgCl~, 1.8 mM CaCI~ or 2 mM BaCl 2, 5 mM sodium pyruvate, 5 mM glucose, 0.001 mM 
TTX, 10 mM HEPES (N-2-hydoxyethyl-piperazine-N'-2.ethane sulfonic acid), pH 7.4. Exter- 
nal [Mg ~+] was varied between 0.3 mM and 3 mM without compensation for changes in 
osmotic strength. When Ba ~+ was used as charge carrier, Ca ~§ was absent. The internal solu- 
tion varied in composition and could be changed during recording by a system permitting 
continuous perfusion of the patch electrode (Hartzell and Fischmeister, 1986; Fischmeister 
and Hartzell, 1987). 

The goal of these experiments was to examine the effects of changing free intracellular 
[Mg ~§ while maintaining other ion concentrations as constant as possible. Composition of 
the solutions was calculated by a computer program developed by Godt and Lindley (1982), 
which was kindly provided by Dr. Robert Godt (Medical College of Georgia, Augusta, GA). 
The stability constants were the same as those published by Godt and Lindley (1982). In these 
calculations, we assumed that Cs + was equivalent to K § Recently, the free ion compositions 
of the solutions made with the Godt and Lindley program were recalculated using programs 
developed and kindly provided by Dr. Alexandre Fabiato (Medical College of Virginia, Rich- 
mond, VA) (Fabiato, 1988) using his preferred absolute stability constants. There were some 
differences in the absolute concentrations provided by these two calculations, but both calcu- 
lations indicate that the [MgATP] concentration is constant (within 5% error), and [Mg ~§ 
varies approximately 10-fold from the lowest to the highest [Mg ~+] solution. Table I shows 
the composition of these solutions. 
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Exponential Curve Fitting 

Currents were fitted to sums of exponentials by a Marquart least-squares procedure (FIT 
program, W. Goolsby, Emory University, Atlanta, GA). Leak-subtracted currents were used 
for least-squares fitting routine, and the current between the peak inward current and the 
end of the pulse was subjected to the curve-fitting routine. 

R E S U L T S  

Effects of Mg on Basal Ic~ and In~ 

The effects of  changing [Mg2+]i on basal/ca and I~  are illustrated in Fig. 1. Currents 
were evoked by 400-ms voltage pulses from - 8 0  to 0 mV at 8-s intervals. Net/ca 
and I ~  were measured as described in Methods, and are plotted as a function of  

T A B L E  I 

Composition of Internal Solutions 

Nominal [Mg a+] concentration 0.3 mM 1.0 mM 3.0 mM 

Total component concentration 
CsCI 116.8 118.3 113.5 
K.PIPES 10.0 10.0 10.0 
K~EGTA 5.0 5.0 5.0 
Na~K2ATP 3.26 2.80 2.67 
MgCI~ 3.04 4.04 6.82 
Na~ creatine phosphate 5.0 5.0 5.0 
pH 7.15 7.15 7.15 

Calculated ion concentrations* 
MgATP 2.60 (2.47) 2.60 (2.51) 2.60 (2.56) 
[Mg2+l 0.30 (0.43) 1.00 (1.17) 3.00 (3.31) 
ATP 4- 0.250 (0.49) 0.075 (0.18) 0.025 (0.065) 
H~EGTA 4.84 4.67 4.24 
Ionic strength 190.0 190.0 190.0 

All values are in millimolar. K.PIPES and K~EGTA were made from their respective acids and titrated to pH 7.0 
with KOH. Na~Kt~.TP was made from the disodium salt and titrated to pH 7.0 with KOH. 
*Ion concentrations were calculated with a computer program developed by Go(it and Lindley (1982) using 
their stability constants. The numbers in parentheses are the values obtained from Dr. Fabiato's program (1988) 
using his stability constants. 

time in Fig. 1 A. At four  times (marked IV) current-voltage relationships were deter- 
mined by a series of  voltage pulses f rom - 5 0  to +50  mV. The cell was first per- 
fused internally with a solution containing 0.3 mM [Mg~+]i and superfused with Rin- 
ger solution containing 1.8 mM CaC12. When Ca ~+ was replaced with 2.0 mM Ba 2+, 
the amplitude of  the current  increased about  threefold. Changing the internal per- 
fusion to a solution containing 3.0 mM [Mg~+]i produced a 38% decrease in Ira, 
whereas/ca decreased less. The effects of  [Mg~+]i on the amplitude of  Iaa were quite 
variable and seemed to depend in part  upon the order  in which the internal solu- 
tions were used. When [Mga+]i was changed f rom 0.3 to 3.0 raM, /Ca amplitude 
usually changed relatively little, but I~  amplitude was variably decreased (the range 
was 9-68% decrease). On the average, Ic, was 16% smaller and Im was 36% smaller 
in 3.0 mM [Mg3+]i than in 0.3 mM [Mg2+] i (Table II). In contrast, when the solution 
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FIGURE 1. Effects o f  changing [Mg 2§ ]i on / ca  and Ira. The cell was superfused with Ringer 
solution containing ei ther 1.8 mM CaCI2 or  2 mM BaCI~ as shown on the top line, and per- 
fused internally with solution containing ei ther 0.3 o r  3.0 mM [Mg~+]i as shown on the sec- 
ond line. (A) Effect o f  internal [Mg ~§ ] on amplitude o f  the inward current.  Each square 
represents a current,  which was evoked by a 400-ms pulse to 0 mV from - 80 mV. The ampli- 
tude o f  the current  was determined as the peak inward current  minus the current  obtained at 
400 ms in response to an identical pulse in the presence o f  2 mM CdCl~ (+ 10 pA). At four  
times, marked IV, current-voltage relationships were determined by a series o f  200-ms pulses 
to voltages between - 5 0  and +50  mV. The small numbers  1-4 correspond to the times the 
current  records in C were taken. (B) Effect o f  [Mg~§ on inactivation o f  inward current.  The 
inactivation of  the current  was expressed as the amplitude o f  the current  at 195 ms relative to 
the peak ampli tude o f  the current.  Ic~ decays 100% within 195 ms under  all conditions. The 
decay of  Ira, by contrast, is increased by elevating [Mg ~+ ]i- (C) Tracings o f  currents recorded 
at the time labeled 1-4 in A. Horizontal  line in this and subsequent figures indicates zero 
current.  Each trace is 400 ms long. The  gains in 1 and 4 are twice the gains in 2 and 3. The 
amplitude o f  the traces are shown in A. 
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was changed from 3.0 to 0.3 mM [Mg~+]i, l h  or /ca  increased up to 140% (see Fig. 
2 C in White and Hartzell, 1988). The currents elicited by the routine test pulses to 
0 mV accurately reflected the maximum current  amplitude obtainable under  each 
condition, as shown by the I-V curves determined under  the four different condi- 
tions. These results on I~  are consistent with those we have published previously 
(White and Hartzell, 1988). 

Increasing [ M g 2 + ] i  a l t e r e d  the inactivation of  Ik  drastically, as shown in Fig. 1, B 
and C. As an imperfect measure of  current  inactivation, the amplitude of  the cur- 
rent at 195 ms was expressed as a percentage of  the maximum current, lc~ decayed 
almost completely within 195 ms with both 0.3 and 3.0 mM [Mb~+]i. In contrast, 
with 0.3 m M  [ M g 2 + ] i ,  [ ~  decayed <10% in 195 ms, but  changing [Mg2+]i to 3.0 mM 
produced a marked increase in l h  decay. Currents obtained under  these four condi- 
tions (numbered I - 4  in Fig. 1 A) are shown in Fig. 1 C. Despite the fact that these 
currents had an embarrassing amount  of  60 Hz noise, it was clear that increasing 
[Mg2+]i converted the very slowly inactivating Ir~ into a current  that decayed almost 

T A B L E  I I  

Effects of Magnesium on Ic~ and In, 

[Mg*+], (mM) 0.3 3.0 0.3 3.0 

Charge carrier (raM) 1.8 Ca ~+ 1.8 Ca 2+ 2 Ba z+ 2 Ba ~§ 

Cur ren t  density (A/F) 2.90 • 0.34 (49) 2.44 • 0.30 (13) 8.83 • 1.10 (25) 5.68 • 0.80 (25) 

% Decay at 195 ms 103 • 1.8 (50) 101 • 1.4 (13) 56.8 • 2.4 (45) 81.2 + 2.1 (17) 

Peakl-V(mlO 5 •  - 3  �9 1.7 (10) 4 . 1 •  - 5 •  
Haif-inactivation (mV) - 2 4 . 3  • 1.1 (15) - 3 0 . 8  • 1.9 (10) - 1 9 . 8  • 4.2 (12) - 2 7 . 5  • 2.7 (6) 

Availability at  0 mV* 0.04 • 0.02 (8) 0.03 • 0.04 (5) 0.51 • 0.06 (13) 0.27 • 0.04 (6) 
Availability at  100 mV* 0.65 • 0.04 (15) 0.29 • 0.05 (10) 0.60 • 0.04 (13) 0.41 • 0.05 (6) 
Steady-state availability ~ 0.34 • 0.05 (7) 0.15 • 0.04 (4) 

Data are mean + SE (N). 

*Availability is defined as 1 - (1,./1o~,~) in a two-pulse protocol with a 200-ms prepulse. 

tSteady-state availability is defined as 1 - (lt~t/Iomtml) in a two-pulse protocol with a 2- or  3-s prepulse to 0 

mY. 

as rapidly as/ca. The effect of  high [MgS+]i on the amplitude and decay of  Im was at 
least partially reversible except after prolonged (>30 rain) internal perfusion. 

[Mg2+] i influenced the I-V relationships for both I~  and/ca  as shown in Fig. 2. 
The peaks of  the I-V relationships were shifted ~5-10  mV in the negative direction 
upon changing from 0.3 to 3.0 mM [Mg~+]i (see also Table II). The I-V relationships 
in high [Mg~§ were also skewed towards negative potentials. Furthermore,  the 
reversal potential for the current  was shifted towards negative potentials. It has 
been shown in these cells that/ca exhibits a true reversal potential and that the cur- 
rent in the outward direction is largely carried by K + (or in this case, Cs +) (Campbell 
et al., 1988). This change in the reversal potential produced by internal Mg 2+ could 
be due either to (a) Mg ~+ carrying current  in the outward direction through the 
Ca 2+ channel or (b) Mg 2+ increasing the ability of  monovalent ions to move through 
the Ca channel in the outward direction. 
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Ca Channel Inactivation 

Inactivation of  lc~ is considered to have a Ca-dependent and a voltage-dependent 
component ,  but the inactivation of  Im is primarily voltage dependent.  Because ele- 
vating [Mg2+]i accelerated the inactivation of  Ira, we hypothesized that increasing 
[Mg~+]i increased the voltage-dependent component  of  inactivation. Before examin- 
ing the effects of  [Mg2+]i on inactivation, we wanted to characterize in more detail 
the inactivation o f / ca  and I~. The rates of  Ca-dependent and voltage-dependent 
inactivation were estimated by a standard two-pulse protocol consisting of  a pre- 
pulse of  varying duration and amplitude followed at a 3-ms interval by a 200-ms test 

-200 

e- 

L 

::3 + Ca, 0 .3  Mg i 
0 

Ca, .5.0 Mg i 
�9 Ba, 0 .3  Mg i 

- - 4 0 0  �9 Ba, 3 .0  Mg i 

T T T " f ~ " - - - - " - - r - -  

- 5 0  - 3 0  - 10 10 30 50 

Potent ia l  (mY)  

FIGURE 2. Current-voltage relationships of/ca and Ik with different [Mg2+]i. Current-volt- 
age relationships were obtained by 200-ms pulses from - 8 0  mV holding potential. Currents 
were leak-subtracted. (Filled squares) External solution: Ringers solution with 2 mM BaCl~, 
1.8 mM MgCl~. Internal solution 0.3 mM [Mg~+]. (Filled triangles) External solution: 2 mM 
BaCl2, 1.8 mM MgCI~. Internal solution: 3.0 mM [Mg~+]. (Pluses) External solution: 1.8 mM 
CaCI 2, 1.8 mM MgCI~. Internal solution: 0.3 mM [Mg~+]. (Triangles) External solution: 1.8 
mM CaCI~, 1.8 mM MgCI 2. Internal solution: 3.0 mM [Mg~+]. 

pulse from - 8 0  to 0 mV. The amplitude of  /ca elicited by the test pulse was 
expressed as a percentage of  Ic~ in the absence of  a prepulse. 

The inactivation curve for /ca had a characteristic "U"-shape (Fig. S A) 
as described previously by others (Tillotson, 1979; Eckert and Tillotson, 1981; 
Mentrard et al., 1984; Hadley and Hume, 1987; Argibay et al., 1988). Increasing in- 
activation of /ca  occurred with prepulses between - 6 0  and 0 mV, with maximum 
inactivation occurring as prepulses neared 0 inV. With prepulses of  short duration, 
inactivation decreased as prepulses became positive to 0 inV. This decrease in inac- 
tivation has been called "relief from inactivation" (Lee et al., 1985) and is due to the 
fact that the inactivation curve with Ca 2+ as charge carrier is the sum of  voltage- 
dependent  inactivation (which is incomplete especially with short duration pre- 
pulses) and calcium-dependent inactivation (which is greatest in magnitude around 
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0 mV). Fig. 3 B i l lustrates  the  inact ivat ion curves  ob t a ined  in the  same cell us ing 
Ba 2+ as charge  carr ier .  U n d e r  these condi t ions ,  we assumed  that  only vo l tage-depen-  
den t  inact ivat ion was be ing  measured .  U n d e r  these  condi t ions ,  the inact ivat ion 
curve was much  less U-shaped:  it was s igmoidal  with a p la teau  be tween  0 and  + 100 
mY. 

It  was difficult  to ob ta in  a comple t e  series o f  curves as shown in Fig. 3 f rom a 
single cell, because  the  cells o f t en  d e t e r i o r a t e d  d u r i n g  the long  prepulses .  Thus,  we 
of ten  m e a s u r e d  the t ime course  o f  inact ivat ion p r o d u c e d  by p repu l ses  to 0 mV only. 
Fig. 4 A shows the  t ime course  o f  inact ivat ion m e a s u r e d  by a series o f  p repu l ses  o f  

A o 1 . 0 ~  § 

= 
o 

~)  200 ms 

0 . _  - , loo 
1 IX\\ I  =oo 
J \ ~, \ \ I /'~__----/13~176 
I \ \ k  k I . / ' . j / _ ~  . ~  500 

o 1 7 'ooo 
0 I . . . . .  ~ 

- 8 0  - 4 0  0 40 80 

~ " 1 . 0 - -  
- i-  
c" 
0 
0 

0 

~ .  0.5 

-i-- 
v 

0 

B a r i u m  

~ .  = -m-lr ~ 

0 ~ ~  
-80 -40 0 40 80 

1 O0 

200 
300 
5OO 
1000 

Prepulse Potent ial  (mY)  

FIGURE 3. Time course of 
inactivation of /ca  and I~. (A) 
/ca inactivation. Internal solu- 
tion contained 1.0 mM 
[Mg2+]. External solution con- 
tained 1.8 mM CaCI~, 1.8 mM 
MgCI~. A two-pulse inactiva- 
tion protocol consisted of  a 
prepuise to the voltage indi- 
cated on the x-axis of  duration 
100-ms (squares), 200 ms 
(pluses), 300 ms (diamonds), 
500 ms (crosses), or 1,000 ms 
(inverted triangles) followed 
after a 3-ms interval by a test 
pulse to 0 mV of  200 ms dura- 
tion. The amplitude of  the 
response to the test pulse pre- 
ceded by a prepulse was plot- 
ted as a fraction of  the ampli- 
tude of the response to the test 
pulse in the absence of a pre- 
pulse. (B) I~  inactivation from 
the same cell as in A. The solu- 
tions and conditions were the 
same as in A except that 2 mM 
BaCI~ replaced 1.8 mM CaCI~ 
in the external solution. 

d i f fe ren t  du ra t ions  to 0 mV. V o l t a g e - d e p e n d e n t  inact ivat ion a lone  (bar ium curve) 
was relatively s lower than  inact ivat ion p r o d u c e d  by C a - d e p e n d e n t  and  vol tage-  
d e p e n d e n t  processes  t o g e t h e r  (calcium curve).  Wi th  Ba ~+ as charge  car r ie r ,  50% 
inact ivat ion was p r o d u c e d  by 60-ms prepulses ,  and  s teady-state  inact ivat ion was 
achieved with 700-ms prepulses .  Wi th  Ca ~+ as charge  carr ier ,  inact ivat ion was at  
least  twice as fast and  was c o m p l e t e  within 200 ms. The  a m o u n t  o f  C a - d e p e n d e n t  
inact ivat ion relat ive to the  vo l t a ge -de pe nde n t  c o m p o n e n t  was ca lcula ted  as the  ra t io  
o f  the  d i f fe rence  be tween  the two curves and  the b a r i u m  curve (Fig. 4 B). Ca-depen-  
den t  inact ivat ion c o n t r i b u t e d  most  to inact ivat ion with shor t  p repu l ses  and  then  
dec l ined  as the a m o u n t  o f  vo l t a ge -de pe nde n t  inact ivat ion increased.  
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Effects of [Mg2+]i on Inactivation 

[Mg2+]i has distinct effects on  inactivation measured  by the two-pulse protocol  with 
200-ms dura t ion  prepulses (Fig. 5). With Ca 2+ as charge  carrier,  increasing [Mg~+] i 
had two effects: it shifted half-inactivation ~5 mV in the negative direct ion (Table 
II), and it depressed relief f rom inactivation considerably. In  Fig. 5, relief f rom inac- 
tivation with prepulses to + 9 0  mV decreased f rom 90 to 30% as [Mg~+]i was 
increased f rom 0.3 to 3.0 raM. O n  average, with Ca 2+ as charge carrier, increasing 
[Mg~+]i f rom 0.3 to 3.0 mM p r o d u c e d  a 56% depression in relief f rom inactivation 
(Table II). With Ba 2+ as charge carrier, half-inactivation was shifted 8 mV in a neg- 
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--~0.8 

E 

8 0.6 

0.4 

0.2 

0 
0 

 :ILI 
0.5 

2 1.5 
o 

1.0 

!"o 

i" o.s 

0 0.5 
Prepulse Duration (s) 

.0 

.0 

FIGURE 4. Time course of  
inactivation of/ca and I~  at 0 
mV. A two-pulse protocol con- 
sisted of prepulses to 0 mV for 
the durations shown on the 
x-axis followed after a 3-ms 
interval ( - 8 0  mV) by a 200-ms 
test pulse to 0 mV. Inactiva- 
tion was plotted as in Fig. 3. 
Solutions and conditions were 
the same as in Fig. 3. (Squares) 
2 mM BaCI, in external solu- 
tion. (D/amonds) 1.8 mM CaCI~ 
in external solution. (B) Time 
course of  Ca-dependent inacti- 
vation relative to voltage- 
dependent inactivation at 0 
mV. Ca-dependent inactivation 
was defined as the difference 
between the inactivation curve 
in Ba 2§ and in Ca 2§ Voltage- 
dependent inactivation was 
defined as the curve in Ba 2+. 
The ratio between Ca-depen- 
dent and voltage-dependent 
inactivation is plotted as a 
function of  the prepulse dura- 
tion. 

ative direction,  and the plateau o f  inactivation between 0 and  + 1 O0 mV was dimin- 
ished by >50% when [Mg2+]i was increased. 

Since the inactivation pro tocol  with 200-ms prepulses did not  p roduce  steady- 
state inactivation o f  I~,  the difference in the inactivation curves with low and high 
[Mg~+]i could have been  caused by changes in the rate o f  inactivation o r  in the level 
o f  steady-state inactivation. O u r  results suggest that  [Mg 2+] may affect bo th  o f  these 
variables, as shown in Fig. 6. The  time course  o f  inactivation was measured  by exam- 
ining the effect o f  different dura t ion  prepulses to 0 mV on  the response to the 
s tandard  test pulse to 0 mV (Fig. 6 A). Increas ing [Mg~+]i caused a dramatic  increase 
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\ Ca, 0.3Mg: 
Ba, 0.3Mgl 

Ba, 3Mg~ 

Ca, 3Mg~ 

- 8 0  - 4 0  0 40 80 

M e m b r a n e  Potent ia l  (mV) 

FIGURE 5. Effect of  [Mg2+] i on inactivation of Ic~ and I~. Inactivation was measured as in 
Fig. 3 with 200-ms duration prepulses. These curves were determined in the same cell that 
was first perfused internally with a solution containing 0.3 mM [Mg~+]i (squares, pluses), and 
then with a solution containing 3.0 mM [Mg2+]i (diamonds, triangles). The cell was alterna- 
tively exposed to external solution containing 1.8 mM CaC12 (squares, triangles) or 2 mM 
BaCI~ (diamonds, pluses). External [Mg ~+ ] was 1.8 mM. 

in the  ra te  o f  inact ivat ion and  in the  s teady-state  level o f  inact ivat ion.  The  da ta  in 
Fig. 6 A were  f i t ted to single exponen t i a l s  with t ime cons tants  o f  155 ms for  0.3 mM 
[Mg2+]i and  69 ms for  3.0 mM [Mg2+]i. As s ta ted  above,  it was difficult  to measu re  a 
t rue  s teady-state  inact ivat ion in these cells due  to  the  de t e r i o r a t i on  o f  the  cells with 
long  pulses. O n e  o f  the  few examples  in which we were  able  to measu re  a q u a s i -  
s teady-state  inact ivat ion curve in two d i f fe ren t  [Mg~+]i concen t ra t ions  is shown in 
Fig. 6 B. In  this cell, lt~ inact ivat ion was m e a s u r e d  with the  two-pulse  p r o t o c o l  us ing  
3-s prepulses .  W h e n  the cell was pe r fu sed  with 3.0 mM [Mg~+]i, half- inact ivat ion was 
shi f ted  in the  negat ive  d i rec t ion  and  the s teady-state  level o f  inact ivat ion was consid-  
e rab ly  less. However ,  u p o n  r e t u r n i n g  to 0.3 mM [Mg~+]i, the  s teady-s ta te  inactiva- 
t ion curve r e t u r n e d  only slightly toward  the initial 0.3 mM [Mg2+]i curve.  This lack 

FIGURE 6. Effect of  [Mg2+]i on steady-state inactivation of  lk .  (A) Time course of  inactiva- 
tion of  Is. measured with a two-pulse protocol. Inactivation was determined as in Fig. 4 in the 
presence of either 0.3 or 3.0 mM [Mg~+]i. (B) Inactivation was determined as in Fig. 3 with 
3-s duration prepulses. The cell was first perfused internally with 0.3 [Mg~+]i (squares) fol- 
lowed by 3.0 mM [Mg2+]i (diamonds) and a return to 0.3 mM [Mg~+]i (pluses). (C) Normalized 
traces of  Ba ~+ currents obtained under the three conditions illustrated in A. These currents 
were obtained by pulses from - 8 0  to 0 inV. The currents were normalized to the same net 
amplitude. 
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of  reversibility of  inactivation was commonly observed, and was always associated 
with deterioration of  the cell: the holding current  incrcased and the cell became 
rounded-up and swollen. Despite the fact that the steady-state inactivation curve was 
irreversibly affected by high [Mg~+]i, the kinetics of  I~ inactivation were partly 
reversible (Fig. 6 C). 

Voltage Dependence of Inactivation 

The kinetics of  inactivation of  I~ were altered at all potentials. Fig. 7 A shows sam- 
ple traces of  I~  obtained at different test potentials with 0.3 and 3.0 mM [Mg2+]i. 
Examination of  these traces shows that with 0.3 mM [Mg2+]i, inactivation of  I~  was 
incomplete and the inactivating component  of  the current  inactivated more slowly 
than with 3.0 mM [Mg2+]i. The potential dependence of  inactivation is also evident 
in Fig. 7 B, where I~  and I~00 are plotted. With 0.3 mM [Mg~+]i, I~ (solid squares) 
and I~00 (solid triangles) were similar in amplitude for potentials negative to - 2 0  
inV. Increasing [Mg2+]i to 3.0 mM greatly depressed Iz00 and shifted the peak of  the 
I~00 curve 10 mV in the negative direction. A quantitative analysis of  the kinetics of  
inactivation is shown in Fig. 7 C. The currents were leak-subtracted and fitted to the 
sum of  two exponentials plus an offset [I~=A*exp(-t/~2 ) + B * e x p ( - t /  
r~) + C]. Each panel is a three-dimensional plot showing the amplitude (A, B, and 
C) (z-axis) and the time constant (rl and rz) (y-axis) of  each component  as a function 
of  test potential. Arbitrarily, the fast component  was defined as having a time con- 
stant of  < 100 ms. The most noticeable difference between the currents obtained in 
0.3 and 3.0 mM [Mg~+]i was the difference in the relative magnitude of  the offset. 
The offset was severalfold larger at almost every potential in 0.3 mM than it was in 
3.0 mM [Mg2+]i. The rapidly inactivating component  was the major component  with 
3.0 mM [Mg2+]i at all voltages, but with 0.3 mM [Mg~+]i the rapidly inactivating 
component  was a minor component  between + 5 and - 10 mV and was negligible at 
all o ther  potentials. The fast time constant was similar with both 0.3 and 3.0 mM 
[Mg2+]i (between 30 and 60 ms), but  the slow time constant was considerably slower 
in 0.3 mM [Mg~+] i than in 3.0 mM [Mg~+]i. Thus, these data show that increasing 
[Mg2+] i decreased the relative magnitude of  the noninactivating component  of  I~, 
and decreased the time constant and decreased the amplitude of  the slow compo- 
nent at all potentials. 

These results suggest that a component  of  the "voltage-dependent" inactivation is 
increased by [Mg~+]i. To test whether voltage-dependent inactivation was due 
entirely to a Mg2+-dependent mechanism, we examined the kinetics of  I~ in cells 
perfused internally and superfused with solutions that were Mg 2+ free (Fig. 8). The 
internal solution was similar to the 0.3 mM Mg ~+ solution shown in Table I except 
that MgCI~ and ATP were omitted and EDTA and BAPTA were added (see figure 
legends). I~  under  these conditions had a time course that was slower than that 
observed with 0.3 mM [Mg~+]i, but the current  still exhibited both an inactivating 
component  and a noninactivating component.  Thus, voltage-dependent inactivation 
cannot be caused entirely by a Mg~+-dependent mechanism. Upon changing to 4.0 
mM [Mg~+]i, I~ decreased in amplitude approximately 10-fold. I~  recorded in the 
presence of  4.0 mM [Mg~+]i was much faster: the noninactivating component  was 
markedly reduced and the slowly inactivating component  was largely absent (Fig. 8). 
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FIGURE 7. Effects of [Mg~+]i 
on kinetics of inactivation of 
I~ at different potentials. I~  
was evoked by 800-ms dura- 
tion pulses from - 8 0  mV to 
the potential indicated. Traces 
were leak-subtracted. External 
[Mg 2§ ] was 0 mM. (A) Sample 
leak-subtracted current traces 
obtained at the voltages shown 
from the same cell perfused 
internally with either 0.3 mM 
[Mg~§ or 3.0 mM [Mg2+]i. 
(B) Current-voltage relation- 
ships for l k  in the same cell. 
(Solid squares) Leak-subtracted 
peak Im amplitude with 0.3 
mM [Mg~+] i. (Solid triangles) 
Amplitude of lm at 200 ms 
after onset of pulse with 0.3 
mM [Mg~+]i. (Open d/amonds) 
Leak-subtracted peak lm 
amplitude with 3 mM [Mg ~§ ]i. 
(Open triangles) Amplitude of 
Ira at 200 ms with 3 mM 
[Mg~+] i. (C) Time constants of 
fits of Ik. Inactivation of Ba z+ 
currents were fit to the sum of 
two exponentials plus an offset 
[(It = A* exp ( - t / r l )  + B*exp 
( - t / rz )  + C]. The amplitudes 
(A, B, and C) were normalized 

as a fraction of the largest amplitude component recorded for each [Mg ~+ ] (this was the slow 
component at - 1 5  mV for 0.3 mM [Mg~+]i and the fast component at - 1 5  mV for 3.0 mM 
[Mg ~+ ]i. The amplitude (z-axis) and the time constant (y-axis) of each component are plotted 
as a function of the test pulse voltage. 
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FIGURE 8. Effect of  zero [Mg2+]i and [Mg2+]o on Ira. (A) Sample traces obtained by pulses 
from - 8 0  to 0 mV in 0 mM [Mg~+] i and 4.0 mM [Mg~+]i. The trace obtained with 4.0 mM 
[Mg2+]i (107 pA) has been normalized to the same amplitude of the trace obtained under 0 
mM [Mg~+]i conditions (1,484 pA). (B) Plots of  the time constants of  fits of  Ie~ to two expo- 
nentials plus an offset as described in Fig. 7. The composition of  the internal 0 mM Mg 2+ 
solution was (in millimolar): 102 CsCI, 10 K.PIPES, 10 CsEGTA, 5 Cs~EDTA, 1 BAPTA, 5 
Na~creatinine phosphate, pH 7.15. The composition of  the internal 4.0 mM Mg ~+ solution 
was (in millimolar): 57.9 CsCI, 10 K.PIPES, 10 CsEGTA, 5 Cs2EDTA, 1 BAPTA, 14.9 MgCI~, 
5 Na~creatine phosphate, pH 7.15. 
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Thus, it appears  that the characteristics o f  the current  observed in 4.0 mM [Mg2+]i 
depend to some extent upon the concentration of  [Mg~+]i to which the cell has been 
previously exposed. 

These observations and the irreversible effect o f  high [Mg~+]i raised the possibility 
that the change in kinetics might be due to a buildup of  internal [Ca~+]~ in the pres- 
ence of  [Mg~+]i. A buildup of  internal Ca ~+ seems unlikely, however, because inter- 
nal Ca 2+ should be well buffered by the 10 mM EGTA, 5 mM EDTA, and 1 mM 
BAPTA in the internal solution (Fig. 8). 

Effects of HoMing Potential and Nifedipine 

The ability of  [Mg2+]i to convert  a slowly inactivating current  to a rapidly inactivat- 
ing one suggested the possibility that [Mg2+]i was converting or altering the expres- 

0 . 3  mid Mg i 

A 0 

FIGURE 9. Absence of T-type 
-200 - Ca channels in frog ventricular 

cells. (A) Current-voltage rela- 
y ~ - - 4 0 0  - �9 UP-lOOmV tionships obtained in 0.3 

m o + HP-40rnV [ M g ~ + ] i  f r o m  holding p o t e n -  
- -  �9 d i f f e r e n c e  

-s00 - ~ ,=f0d=pl,e tials of --100 mV (squares) and 
- 4 0  mV (pluses). The differ- 
ence between these curves is 

- 800 -  shown as inverted triangles. 
The current-voltage relation- 

3 mM Mg i 
8 0 ~ . . ~ ship obtained in the presence 

of 1.0 #M nifedipine with a 
�9 H P - l O O m V  

- 2 0 o  4omv - ] 0 0  m V  h o l d i n g  p o t e n t i a l  is 

�9 nlf~dlpl~, shown as crosses. (B) Current- 
~ voltage relationships obtained 
_~ - 4 0 0  in 3.0 mM [Mg~+]i under the 

. . . . . . . . . . .  same conditions. 
- 5 0  (3 50  

Po fen f l a l  ( m V )  

sion of  T- and L-type Ca channels (Bean, 1985): high [Mg2+]i might favor the 
expression of  T channels. However,  this hypothesis did not explain the results. With 
0.3 [Mg2+]i (Fig. 9 A), where lm inactivated slowly, current-voltage relationships of  
I ~  from holding potentials o f  - 1 0 0  and - 4 0  mV, and the difference between these 
curves, were virtually identical in shape and all had peaks near  0 mV. I ~  was com- 
pletely blocked by 0.1-1.0 #M nifedipine at holding potentials positive to - 5 0  mV, 
and was blocked 80% at a holding potential o f  - 100 mV (Fig. 9 A). This incomplete 
block was most likely due to the voltage-dependent nature of  nifedipine block (Kass 
and Krafte, 1987). With 3.0 mM [Mg~+]i (Fig. 9 B), Im was almost completely inacti- 
vated at a holding potential of  - 4 0  mV. The current-voltage relationship f rom a 
holding potential o f  - 5 0  mV, however, had the same shape as the current-voltage 
relationship obtained f rom - 100 mV holding potential. Im was completely blocked 
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by 1.0 #M nifedipine even f rom a holding potential of  - 1 0 0  mV under  these con- 
ditions. Thus, there was no evidence for  T-type Ca channels in this preparation. 

Effects of External [Mg 2+] on Ic, and &, 

External Mg 2+ has been shown previously by other  investigators to block Ca chan- 
nels. Thus, we wished to compare  the effects o f  external and internal [Mg ~+] on I~. 
As shown in Fig. 10, [Mg~+]i and [Mg2+]o were varied between 0.S and S.0 mM and 
the effects on I~  measured. The kinetics of  leak-subtracted currents were quantified 
by fitting them to the sum of  two exponentials using the program FIT. In this cell, 
raising [Mg~+]i f rom 0.3 to 3.0 mM decreased the amplitude of  I ~  by ~55% regard- 
less of  [Mg2+]o (either 0.3 or  3.0 mM). Raising [Mg2+] o caused a decrease in Ia~ 

IBa(nA ) % Decay "/-slow (s) "/-fast (s) Offset Aslow/Afasr 

- 0 . 2  1 .0  
50  0 .2  0 . 0 3  

- 0 . 5  

- 0 . 1  0 .5  

o 

[~g]  outside 0.3 3.0 0,3 3.0 

[Mg] Inside 0.3 0.3 3.0 3.0 

FIGURE 10. Effects of internal and external [Mg ~+ ] on I~. I~ was elicited by 800-ms dura- 
tion pulses from - 8 0  to 0 mV in the presence of 0.3 or 3.0 mM [ig2+]i and 0.3 or 3.0 mM 
[Mg ~+ ]o. At least seven currents were recorded in each condition, leak-subtracted, and fitted 
to the sum of two exponentials. The bar graphs illustrate IBa amplitude, percent decay (as 
described in Fig. 1), the best fit time constants (7,low and ~'f~), the ratio between the ampli- 
tudes of the rapidly and slowly inactivating components (Aaow/Af~t), and the amplitude of the 
noninactivating component (C). 

amplitude that was similar in magnitude to the effect of  raising [Mg~+]i. Changing 
[Mg~+]o had no significant effect on the inactivation of  I~.  The percent decay (at 
195 ms) approximately doubled when [Mg~+]i was increased f rom 0.3 to 3.0 mM. 
Altering [Mg2+]o had little effect upon I ~  decay, regardless of  whether the cell was 
internally perfused with 0.3 or  3.0 mM [M~+]i . Changing internal or  external 
[Mg 2+] had minimal effects on the fast component  of  inactivation, but increasing 
[Mg~+]i decreased the time constant and the amplitude of  the slow component  of  
inactivation and decreased the offset. Increasing external [Mg ~+] had effects that 
were qualitatively opposite to that of  increasing [Mg~+]i on the kinetics of  inactiva- 
tion, except that these effects were relatively small. Specifically, increasing [Mg2+] o 
increased the time constant and amplitude of  the slow component  of  inactivation 
and may have increased the offset when 23 mm Mg ~+ was present inside. 
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The difference in the effect of  [Mg2+] i and [Mg~+] o on inactivation is further  illus- 
trated in Fig. 11 (compare with Fig. 5). Changing [Mg;+]o from 0 to 5.0 mM shifts 
the 200-ms inactivation curve in a manner  consistent with charge screening pro- 
duced by [Mg2+]o (Kass and Kraft, 1987). There is relatively little effect of  external 
[Mg~+], however, on the relief f rom inactivation. 

D I S C U S S I O N  

/ca plays a key role in the development of  the action potential (Reuter, 1983; Tsien, 
1983; Trautwein and Pelzer, 1985), in the generation of  electrical pacemaking in 
nodal tissue (Noma et al., 1980), and in the initiation of  contraction (Beeler and 
Reuter, 1970; Vassort and Rougier, 1972). /ca is modulated by cAMP-dependent 

(3, 

C- 
O 
0 

{J 

( D  

.r 
v 

O 
0 

1.0 

0.5 

i i i i i = i i i i i i i i r = i 

- 8 0  - 4 0  0 40 80 

5 m M  b l g o  ( e )  

1 . 8  m M  M g  o ( 1 1 )  

0 m M  M g o  ( + )  

Prepulse Potential (mY) 

FIGURE 1 I. Effect of external [Mg ~+ ] on Ic, inactivation. Inactivation was measured by the 
standard two-pulse protocol with 200-ms prepulses. The cell was perfused internally with 0.3 
mM [Mg~+]i and superfused with solution containing either 5 mM [Mg~+]o (diamonds), 1.8 
mM [Mg~+]o (squares), or 0 [Mg~+]o (pluses). 

protein phosphorylation by neurotransmitters and drugs that influence/3-adrener- 
gic and cholinergic receptors on cardiac cells (Tsien, 1977; Reuter, 1983; Trautwein 
and Pelzer, 1985; Fischmeister and Hartzell, 1986; Tsien et al., 1986; Hartzell and 
Fischmeister, 1987; Hartzell, 1989). 

We found previously that increasing [Mg2+]i had only small effects on basal/ca 
amplitude, but caused large decreases in/ca elevated by cAMP-dependent processes 
(White and Hartzell, 1988). We have argued that this effect is on a process that 
occurs after Ca channel phosphorylation, because the effect of  [Mg~+]i is seen under  
conditions that would not be expected to alter Ca channel phosphorylation. In this 
study we have confirmed that [Mg~+]~ has little effect on the amplitude of  basal/ca, 
but we have found that Mg~ + has large effects on I~ amplitude and inactivation 
even when the channel is not phosphorylated. The effects of  [Mg2+]i on inactivation 
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were quite similar for I~  under  basal or  cAMP-stimulated conditions (data not 
shown). It is not clear whether the decrease in I~ amplitude produced by increasing 
[Mg~+]i is related to the more rapid inactivation under  these conditions or  whether 
different mechanisms mediate the effects o f  [Mg2+]i on inactivation and ampli- 
tude. 

The apparent shift in reversal potential of  Ic. that is produced by [Mg~+] i is some- 
what curious. These results suggest either that Mg 2+ may permeate Ca channels or 
that Mg z+ increases the permeability of  the channel to monovalent ions such as Cs +. 
Further studies are definitely warranted to investigate this point. 

[Mg2 + ]i Affects Inactivation 

In heart, it appears that/ca inactivation is controlled by two mechanisms, one volt- 
age dependent  and the other  calcium dependent  (Eckert and Chad, 1984; Kass and 
Sanguinetti, 1984; Bechem and Pott, 1985; Lee et al., 1985; Chad and Eckert, 
1986; Kass et al., 1986). Some laboratories, however, have proposed that/ca inacti- 
vation is due entirely to a Ca-dependent mechanism at least in snail neurons and 
GH~ cells (Tillotson, 1979; Eckert and Tillotson, 1981; Chad and Eckert, 1986), but 
other  laboratories find only voltage-dependent inactivation (for example, Cohen 
and Lederer,  1987). Both mechanisms clearly exist, but their proport ion may 
depend upon experimental conditions and the tissue studied. The existence of  a 
Ca-dependent mechanism is supported by the observations that inactivation 
increases with increasing intracellular or extracellular [Ca~+], that it is greatly 
slowed when ions other  than Ca ~+ (such as Ba 2+) are used as charge carrier, reduced 
when intracellular C a  2+ is chelated, and slowed when the driving force for Ca 2+ 
entry is reduced (Eckert and Chad, 1984; Kass et al., 1986). The existence of  "pure"  
voltage-dependent inactivation has been demonstrated by a two-pulse protocol in 
which the prepulse is given in the absence of  Ca ~+ (Akaike et al., 1988) or by using 
Na + as charge carrier (Hadley and Hume, 1987). The kinetics o f / ca  inactivation 
suggest that the rapid phase of  inactivation is due to the Ca-dependent component,  
whereas the slow component  is voltage dependent.  

The "U"-shape of  the inactivation curve (Fig. 3) can be viewed as the sum of  the 
voltage-dependent inactivation, which can be described by a Boltzman relation with 
incomplete inactivation (Fig. 3 B), and the calcium-dependent inactivation, which 
has the same shape as the/ca current-voltage relationship. Our  data in Fig. 3 show 
that for short-duration prepulses Ca-dependent inactivation predominates, whereas 
for longer-duration prepulses voltage-dependent inactivation predominates. It may 
be for this reason that some investigators (for example, Cohen and Lederer,  1987) 
fail to find clear evidence of  Ca-dependent inactivation under  conditions of  steady- 
state inactivation. Below, we propose that voltage-dependent inactivation is actually 
due, at least partially, to a voltage- and time-dependent block of  Ca ~+ channels by 
M g  "2+" 

With either Ca 2§ or  Ba ~+ as charge carrier, increasing [Mg2+]i shifts the inactiva- 
tion curve to the left and decreases relief from inactivation (the decrease in inactiva- 
tion with prepulses positive to 0 mV). The shift in the inactivation curve is most 
likely due to the ability o f  Mg ~+ to screen negative surface charges on the internal 
surface of  the membrane. Changes in external divalent ion concentrations produce 
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shifts in current-voltage relationships and inactivation curves that reflect divalent 
cations binding to and screening negatively charged groups (sialic acid groups, pri- 
marily) on the cell surface (Frankenhaeuser and Hodgkin, 1957; Kass and Kraft, 
1987). In heart cells, a 10-fold change in external [Ca ~§ shifts the inactivation curve 
~30 mV, whereas a 10-fold change in external [Mg ~+] shifts the curve only ~10 mV 
due to the lower affinity of  [Mg~+] i for the surface charges (Kass and Kraft, 1987). 
The shift in the inactivation curve is similar in magnitude, but opposite in direction 
for the same changes in [Mg2+]o and [Mg2+]i. That is, a 10-fold increase in [Mg~+]i 
shifts the current-voltage relationships and the inactivation curves -10  mV to the 
left, whereas a 10-fold increase in [Mg2+]o shifts the curves 10 mV to the right. This 
suggests that internal surface charge is similar in magnitude to external surface 
charge. This might be expected considering the asymmetrical distribution of  phos- 
pholipids in the plasma membrane: negatively charged phosphatidyl serines are 
often concentrated in the internal leaflet of  the lipid bilayer. In addition, negative 
internal surface charge may be partly due to the phosphate groups on phosphoryla- 
tion sites on cytoplasmic domains of  membrane proteins. 

Although surface charge effects can explain the shifts in the inactivation and I - V  
curves, they are unlikely to explain the changes in relief from inactivation. Relief 
from inactivation observed with Ca ~+ as charge carrier is largely an expression of  
the fact that voltage-dependent inactivation is incomplete at voltages positive to 0 
mV with low [Mg2+]i. The incomplete nature of  voltage-dependent inactivation is 
demonstrated by the plateau of  the steady-state inactivation curves with Ba ~+ as 
charge carrier and by the incomplete inactivation of le, at most potentials. The 
incomplete inactivation of  I~  with low [Mg2+]i is not simply due to a shift in the 
inactivation parameters as a function of  voltage, as would be expected from changes 
in surface charge. Rather, [Mg2+]t seems to affect the amount of  voltage-dependent 
inactivation at all voltages. Relief from inactivation is decreased by cAMP (Argibay 
et al., 1988) in a manner similar to that produced by increasing [Mg2+]i. It is worth 
considering that this decrease in relief from inactivation produced by cAMP might 
be related to accumulation of  [Mg2+] i due to rapid hydrolysis of  ATP for protein 
phosphorylation. 

With Ca ~+ as charge carrier, increasing [Mg2+]~ does not have a significant effect 
on the kinetics of  Ic~ inactivation as it does when Ba ~+ is charge carrier. Thus, the 
effects of [Mg~+]t are evident only when Ca~+-dependent inactivation is suppressed. 
This suggests that [Mg~+]i either affects mainly the voltage-dependent component of 
inactivation, or that [Mg~+]i is capable of  stimulating the Ca~+-dependent inactiva- 
tion process in the absence of  Ca ~+. The effect of  [Mg2+]i on Im inactivation appears 
to be due to an increase in both the rate and the steady-state level of  voltage-depen- 
dent inactivation. 

One explanation for the accelerated inactivation induced by internal Mg 2+ was 
that [Mg~+]i might stimulate Ca2+-dependent inactivation. The data do not obviously 
support this hypothesis, however. We have previously reported that/ca inactivation 
is fit by the sum of two exponentials with time constants of  -13  ms and ~30 ms 
(Argibay et al., 1988). Replacement of Ca 2§ with Ba 2+ results in the 13-ms compo- 
nent of  inactivation slowing to 240 ms (Argibay et al., 1988). Thus, one could con- 
clude that the 30-ms component represents voltage-dependent inactivation and the 
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13-ms component  represents Ca2+-dependent inactivation. Since increasing [Mg2+]i 
did not result in the addition of  a ~ 13-rns component  to IBa inactivation, but rather 
caused a decrease in the relative contribution of  the noninactivating component  and 
slowly inactivating components,  this suggests that [Mg;+]i is not mimicking the Ca ~+- 
dependent  inactivation. It is possible that inhibition of  Im by internal Mg ~+ is due to 
Mg ~+ block subsequent to its partial entry into the channel from the cytoplasmic 
side or to interaction with some allosteric site on the channel. 

Since the relative contribution of  the "30-ms" voltage-dependent component  
increases with increasing [Mg 2+ ]i, one could conclude that voltage-dependent inacti- 
vation is dependent  upon [Mg ~+ ]i- An obvious prediction of  this hypothesis is that 
voltage-dependent inactivation should be eliminated when [Mg2+] i is zero. Under 
these conditions, Ia~ continued to exhibit a "30-rns" inactivating component.  Thus, 
it appears that voltage-dependent inactivation is not absolutely magnesium depen- 
dent. In support  o f  this suggestion is the observation that voltage-dependent inacti- 
vation of  cardiac muscle L-type channels incorporated into bilayers exhibit voltage- 
dependent  inactivation in the absence of  internal and external Mg 2+ (Rosenberg et 
al., 1988). Nevertheless, we propose that a component  of  voltage-dependent inacti- 
vation is stimulated by [Mg ~+ ]i. Further experimentation will be required to resolve 
these questions. 

Varieties of Ca 2§ Channels in Frog Ventricular Cells 

Other  investigators have reported that cardiac cells have multiple kinds of  Ca 2+ 
channels that can be distinguished on the basis of  their inactivation properties and 
sensitivity to dihydropyridines (Bean, 1985; Nilius et al., 1985; Mitra and Morad, 
1986). T-type channels have a peak I-V relationship near - 2 0  mV, and are inacti- 
vated by a holding potential of  - 4 0  mV, whereas L-type channels have a peak I-V 
relationship positive to 0 mV, and are not inactivated appreciably at 40 mV holding 
potential. L-type channels inactivate slowly with Ba ~+ as charge carrier, whereas 
T-type channels inactivate quickly. We have previously reported that frog ventricu- 
lar cells have only L-type Ca ~+ channels (Argibay et al., 1988), but this conclusion 
was based largely on studies with Ca 2+ as charge carrier and with 1.0 mM [Mg~+]i. 
The rapid inactivation of  Ia~ with 3.0 mM [Mg ~+ ]i, however, suggested the possibility 
that [Mg 2+ ]~ was inducing T-type channels in our  preparation. We find no evidence, 
however, that this is the case. Current-voltage relationships, inactivation curves, and 
sensitivity to dihydropyridines all support  the conclusion that there is only one kind 
of  Ca channel, an L type. 

Significance 

It has been pointed out by Lee et al. (1985) that voltage-dependent inactivation of  
Ca ~+ channels may be an important mechanism of  Ca channel inactivation during an 
action potential, because the Ca ~+ transient lags considerably behind the Ca ~+ cur- 
rent and, consequently, Ca2+-dependent inactivation might be small under  these 
conditions. If  this is true, changes in [Mg~+]i that could occur physiologically might 
have significant effects on Ca ~+ currents during the action potential. It is known 
that [Mg ~+ ]o alters action potential shape 0Natanabe and Dreyfus, 1972; Chesnais et 
al., 1975), but it is not yet known what effects [Mg~+]i has on the cardiac action 
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potential .  Addi t ional  studies are requ i red  to de te rmine  whether  [Mg2+]i is physio- 
logically regulated in cardiac cells and,  if so, what effects this has o n  cardiac physiol- 
ogy (White and  Hartzell,  1989). 
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